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Study of off-diagonal cumulants of net-charge, net-proton

and net-kaon multiplicity distributions in Au+Au collisions
at STAR

Arghya Chatterjee for the STAR collaboration
Variable Energy Cyclotron Centre, Kolkata

S @

V 759N )
A 9
Z ~
4, <

&
€ Sepvice oK

‘T\x\?y"\"*’-’f{x@ U.S. DEPARTMENT OF Oﬂ-’lce Of

g

- \ S

S | =

- | ot

1‘1 ,l. < L

0\ it

LGS cience

)s\ '\'.
/“X S O%




ke,

A R LN Y A ’

3 ol SRR FRRNE
SR
SN R o /) o

= TN Bl [ ]
o O 4 e S
. o< s,
T am RN 2 -
S = &=
e - = B
— — N
P :’I,, “ %‘:: S5
i A R
A R KRR
TR AR N
j L i

v Introduction

- Motivation
- Observables

v’ Analysis details

v’ Experimental results

- Centrality dependence
- N dependence
- Energy dependence

v’ Summary
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v' Cumulants of net-particle distribution
v’ Goal of Beam Energy Scan > To extract the freeze-out parameters

> Explore the phase diagram > Higher order - locate the QCD critical point

lgaﬂy e The Phases of QCD

l

AL EXpariments

Temperature

Quark-Gluon Plasma
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v' Cumulants of net-particle distribution
v’ Goal of Beam Energy Scan > To extract the freeze-out parameters

> Explore the phase diagram > Higher order - locate the QCD critical point

Edﬂy U"”'me The Phases of QCD . y o |
ll - Diagonal cumulants - “shape” of the distribution

Temperature

> Probe of non-gaussian fluctuations

> net-proton, net-charge and net-kaon - publishea
[STAR collaboration PRL 105, 022302, PRL 113, 092301, arXiv:1709.00773]

Quark-Gluon Plasma

| - Off-diagonal cumulants - First measurement
> Correlation between conserved charges is sensitive

Color~

Hadron Gas ' \ Superconductor to the phase transition

Nuoclear \

> Better constrain of the freeze-out parameters

=
H00 MeV

Barycn Chemical Potential

[V. Koch et al. PRL.95.182301 (2005), F. Karsch and K. Redlich, PLB 695, 136142 (2011).]
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v Connection to theory and experiment

Theory:
susceptibility

ijk oItk (p /)

XBQS ~ 9 (us/T) (nq/T)0 (us/T)

ijk

_ 1 ijk
XBQS = VT3 MBQS

for I+j+k < 3

M

[V. Koch arXiv:0810.2520]

Experiment:
net-particle cumulants

MUK = ((B — (B))(Q — (Q))'(S — (S))*)
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[R. Bellwied et al. arXiv:1805.00088]

R Sk it
AT .,'k::f{ A
SRR )
SEONGEA G e Y
A :_1;\ o b “, % [ ]
‘STAR apping the pnase diagram
S e R e
e N
A B N R
ETR R AN
PV

v Connection to theory and experiment

Theory:
susceptibility
ijk oItk (p /)

XBQS ~ 9 (us/T) (nq/T)0 (us/T)

ijk 1 ijk
BQS \/1*3IVII3CQS

for I+j+k < 3

M

[V. Koch arXiv:0810.2520]

Experiment:
net-particle cumulants

MUK = ((B — (B))(Q — (Q))'(S — (S))*)

v From the published net-proton (p), net-charge (Q) and net-

250
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kaon (k) cumulants - freeze-out parameters (1, uB) have
been extracted with large uncertainties




v Connection to theory and experiment V. koch arxiv:0810.2520)

Theory: ik A Experiment:
susceptibility XBas = vreMaas net-particle cumulants
for I+j+k < 3

ijk oItk (p /)

XBQS — i (ug /T (ng/T)0 (us/T) M MUK = ((B — (B))'(Q — (Q))’(S — (S)¥)

v From the published net-proton (p), net-charge (Q) and net-
"""""""" | kaon (k) cumulants - freeze-out parameters (1, uB) have

180_- . . . .
| I | been extracted with large uncertainties
_160| ¢/ 2 \ |
> o oD - . . .
Z 0 STAR thomal fts (oK | ¥ The 2nd-order cumulant matrices of all combinations of p,
— ! . ermal fits (rT,p, ] . .
| STAR thermal fits (Tp.KAZQ..K) Q and k cumulants can provide better understanding of
a K, K . . .
20 ! x;//xj 8 Aot | freeze-out and constrain different model parameters
! X1/X2 and X1/X2 a et al. ]
1000 50 200 250 [V. Koch et al. PRL.95.182301 (2005), A. Majumder and B. Muller, PRC. 74 (2006)

A. Bazavov et al. PRD. (2012) 034509, F. Karsch and K. Redlich, PLB 695, 136142 (2011).]

[R. Bellwied et al. arXiv:1805.00088]
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Observables

v “Variance” — Self correlation ¥ “Covariance” — Cross correlation

| — 1,1 1,1 1,1
c2 = 0” = ((0X)°) c11 =0 = ((0X)(0Y)) o2 ol okt
v “Ratio” — Excess correlation compare to self correlation J;jég o J;j,i
T,1 .
CX,Y = g /U% Volume independent Jile ]izzlj o2
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Observables

Where
v' “Variance” — Self correlation V' “Covariance” — Cross correlation X = X — (X)
|C2 =o° <(5X) > C1,1 = =o' <(5X)(5Y)>' X and Y can be:

Net charge: Q = No* — Na-
Net proton: p = Np* — Np-,

v “Ratio” — Excess correlation compare to self correlation
Net kaon: k = Nkt — Nk

ijy — 01’1/0% Volume independent

dN/dy acceptance of the
4 Acceptance window |n| dependence R

No signal No signal - C__) 9_’ )
0 % N acceptance 100 % / "V % Y\ -y
An=0 ﬁ An=AYiota AY,.,

— AY,.., —

Poisson fluctuation fluctuation = 0 baryon/charge/ l AY
ratio ~ 1 strangeness # conservation | toal
> Op-“mum An Window to Capture the Signa|s? Brewer, Mukherjee, Rajagopal, Yin, arXiv:1804.10215
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v’ Particle identification : Using TPC and TOF detector  [n| < 0.5 & 0.4 < pr< 1.6 GeV/c

v Centrality selection : Using uncorrected charge particle multiplicity excluding analysis region
0.5<|n/ < 1.0

v Centrality bin-width correction (CBWC) :

To eliminate/minimize the impact parameter (or volume) variations due to the finite centrality bin.
[X. Luo et al J. Phys. G 40, 105104 (2013)] S X,
X — g 1<

B DM

v Efficiency correction and statistical uncertainty estimation:

> Efficiency correction is done using Binomial efficiency response assumptions with positive and negative
charged particle separate efficiencies

| runs for each multiplicity bins

» statistical uncertainty estimation — using analytical methods of error propagation

[A. Bzdak and V. Koch: PRC.86.044904 , PRC.91.027901,
X. Luo : PRC.91.034907, A Chatterjee et al. JPG: Nucl. Part. Phys. 43 125103 (2016).]
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<Npart>

v' Variance increases with number of colliding nucleons and consistent with CLT expectation.
Central Limit Theorem (CLT) : 0 o¢ (Npqart)
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Covariance shows linear dependence with respect to centrality.

net proton & net kaon

mmmmlp- net charge & net proton

mmmm)p net charge & net kaon

The covariance between net proton and net kaon is positive at low energy and negative at

higher energy — Indicating p and k are anti-correlated at high energy.

Covariance follows the CLT-like variance : o' oc¢ (Npqp¢)
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- 300 7.7 Gev  115GeV  [145GeV  19.6GeV  |27GeV  |39GeV oz cev ‘ , 20060V, » v Al diagonal and off-diagonal
S : o | e® |l e _geti _get et et e
ol a3 e C o e o 8T h o0 88000 {8000 Eho00 ] o0 cumulant cumulants of Q, p
v B rob0% o | and k show linear dependence
20 | 0’.? o ® ® 7 .0’? .o‘? .o‘? ..0? .o'? o ® .
0f®8cooi®88co0oo0 88300 888 co0je88co 88 cole®88co0f®@®0oo On ‘n‘ acceptance WlndOW
kR e within our analysis region
JEEALEE LTS EAAEEE LIAERE LA LERS LAXEEE LAXEEE LIRLS compared peripheral collisions
0.6 | o | 1 1 1 1 1 T 1
W e tie i eeean eeeee eeeng vesen sesgg ey coi0 1 No non-monotonic variation as
& a function of acceptance is
G 40 | - . . . . . e Lo
S IS S R R S il IS Sl IS Sl I S Sl B S IS S observed.
R >
0985@@ Q&@@@Qc’)@@@ 85@@@8@@@@ g cooof &oooo 21@‘6‘6‘662
0

4 01 04 01 04 01 04 01 04 01 04 01 04
n window (Inl < X)
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- 300 17.7 Gev  [115GeV  [145GeV  |19.6 GeV . 27 GeV a0 cev ‘ JezGev  fo00Gevggs v All diagonal and off-diagonal

R P P E et e Rt Er P OUE PSSO F DU § pPue cumulant cumulants of Q, p

v u » . . oa o . and k show linear dependence
0| £85 o 088 > oje8? o o8t S el e8 s et 000 et o on ‘n‘ acceptance window

v , N AR S RS B R within our analysis region
Toener? aettt eent entflarTT enfT et 270 compared peripheral collisions

o oeette eeeiu eeene eeeag teeee seagg ceig ci00 0 No non-monotonic variation as

PR a function of acceptance is

N 2858522 R R IS Sl IS S IS S B Rl IPF gg;;; observed.

. 60| | ¢

TB e pert aartt et entT eett 7T 7 > With the current acceptance we

01 04 01 04 01 04 01 04 01 04 01 04 01 04 01 04 can On|y expk)re 9 small porticn

n window (Inl < X)

of acceptance.

y >  BES-Il may give better insight

nl=0 0.5 N=Yooan in N-acceptance dependence.

Experimental acceptance

Arghya Chatterjee, 2018 RHIC & AGS annual Users meeting



b e
AR R
SN\ s R R T L
.“2\;\:{“ . A i },i f—) 2 [ |
R $o
S s R 2 -~
B a . = —-—
e _j/ﬁw N i S :‘“" .A"'
ST R N L Rt
T r’;f g\\;,; Tk
&£'945 "

T T T T 1 ]
data 0-5% —@—

ax 008 \ data 70-80% & - v Volume-independent normalized correlations
RS \ 0isson — - ] o
S5 004 % HRGPDGI6H  — between net proton and net kaon are positive at low
s B ; UrQMD 70-80% : energies and negative at high energies.
R LA B
18 T — T
> - 0.4<py<1.6 GeV/c, Inl<0.5 H
=< 14l H & .
S I RBEERE 5 8
o ; :
O o6 .
i T ST N O Y
18 [ | | R I
3 [ STAR Preliminary H
1-%% 1.4 H i ]
o (BEEREE ¢ 6
G E :
O o6f T T T T -
| | | |1 | | | |
10 20 60 200
VSNN (GeV)
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i data 0-5% —@— : : : :
x 008 | data 70-80% o< - v Volume-independent normalized correlations
RS \ 0isson — - ] o
S5 004 % HRGPDGI6H  — between net proton and net kaon are positive at low
s B ; UrQMD 70-80% : energies and negative at high energies.
e LA B
o v An excess correlation between net charge and net

S - 0.4<py<1.6 GeVic, ni<0.5 kaon, and same in net charge and net proton is
- i g g . . E observed with respect to peripheral collisions.

5 : N e .

O B e e These excess correlation increase with beam

S 06 I N energy.

18 T > What is the source of the excess correlation?

s | STAR Preliminary i -
Sh 14 H g .
o (BEEREE ¢ 6

G E :

O o6f T T T T -

| | | |1 | | | |
10 20 60 200

VSNN (GeV)
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< 008 | é;%iéioféo/ o - v Volume-independent normalized correlations
:gé 001 % HRG PDGI6+  — between net proton and net kaon are positive at low
s B UrQMD 70-80% : energies and negative at high energies.
S o TR

N I T Y Y R v' An excess correlation between net charge and net
B L 0.4<py<1.6 GeVle, ""'<°-5H i kaon, and sgme IN net Chargg and net p.rc?ton IS
:§ | B Rk g g . : observed with respeot. to perlpheral c;olhsmns.
LR Sttt B8 B These excess correlation increase with beam
S o6l - energy.

- e » What is the source of the excess correlation?
NEL g :_STAR Preliminary . i
:§ | X gg g g g g 5 v This correlation cannot be explained from the
- " E thermal (HRG) and non-thermal (UrQMD) hadronic
O o6 T T model calculations.
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v First measurement of all 2nd-order cumulant (ox v=p.qk) matrix elements as a function of collision
centrality for Au+Au collisions at Jsnn= 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 and 200 GeV are presented.
Detailed results are shown for the kinematic range of |[n| < 0.5 and 0.4 < pt < 1.6 GeV/c as well as
different |n| windows.

v An excess correlations between net-charge and net kaon, and net charge, and net proton are
observed for central collisions with respect to the peripheral ones. The correlations increase with the
increase of beam energy. This increase is much larger compared to the Poisson baseline and has not
been observed for the UrQMD event generator.

v Net proton and net kaon shows anti-correlations for central collisions and for \/snn > 27 GeV.

v' Both diagonal and off-diagonal cumulants of net charge, net kaon and net proton show linear
dependence with the An acceptance window.

v' These cumulant matrix elements provide important step to map QCD phase diagram.

Thant you
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Data set
Vsnn(GeV) Production Trigger Name Trigger Id

7.7 AuAu7_Production P10ih 290004, 290001
11.5 AuAull_Production P10ih 310014, 310004
14.5 production_15GeV _2014 P14ii 440005-6, 440015-16
19.6 AuAul9_Production P11ik 340001,340011,340021
27 AuAu27 _Production 2011 P11id 360001

39 AuAu39_Production P10ik 280001
62.4 AuAu62_Production P10id 270021,270011,270001
200 AuAu_200Production_2011 P11id 350043

pT (TPC only)
pT (TPC+TOF)
In|
Centrality
DCA
nHitsdedx
nFitPoints

PID (TPC)

PID (TOF)

Proton Kaon Charge

0.4 - 0.8 GeV/c — 0.4 -1.6 GeV/c
0.8-1.6 GeV/c 0.4 -1.6 GeV/c —

<0.5

Refmult2 ( -1.0<n<-0.5 && 0.5<n<1.0)
<1cm
>5
> 20
nSigmaProton < 2 nsri%rig?r::gig:f 2& e all charge

06<m?2<1.2 0.15<m?2<0.4 —
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sk TPC efficiency 2k TOF matching efficiency
Reconstructed tracks having associated MC tracks e = track quality cut && [noparticie] < 2 && TOF matched > 0
ETPC = MC tracks (7%, KE. p, ) track quality cut && |noparticie| < 2

Efficiency bins

TOF match efficiency TPC*TOF efficiency Quantity ...............................................................................
. T | TPC efficiency (TPC*TOF) efficiency
-
é "N T p, pbar 0.4 <p1<0.8 (GeV/c)  0.8<pr<1.6(GeV/c)
L 40 280, R e
K+,k- 0.4<pr<1.6 (GeV/c)
Q+,Q- 0.4 <pTt<1.6 (GeV/c)
b
d
pr-integrated efficiency : (€bin—1) = Jo €prc ) (pr)prdpr
[, f(pr)prdpr
bin-| V bin-l (vim11) = [ erpe(pr)eror (pr) f(pr)prdpr
TPC+TOF efficiency b I? F(pr)prdpr
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